The Faraday rotation for light transmission through a bilayered structure composed of an electro-optic semiconductor film and a slab with high values of magneto-optic and magnetoelectric interactions is theoretically investigated. The influence of dispersion as well as an external electric field on the Faraday rotation is studied.
The magneto-optical ͑MO͒ Faraday effect ͑FE͒ which is characterized by a rotation of the polarization plane, or Faraday rotation ͑FR͒, of the light transmitted through a magnetic material is a well known MO effect which is widely used for the investigation of thin magnetic films and magnetic multilayers. 1, 2 For practical reasons it is sometimes necessary to enhance the FR angle by external physical factors. An attractive method to control the FE is by a permanent or alternating electric field applied to a magnetic material. The influence of an electric field on the FR can be described in terms of linear and quadratic electro-optical ͑EO͒ interactions which are responsible for the Pockels and Kerr EO effects, respectively. 3 The effect of an electric field on the FR in yttrium-iron garnet ͑YIG͒ Y 3 Fe 5 O 12 , the socalled electro-MO effect, was experimentally observed in Ref. 4 . The value of the induced FR was approximately equal to 1 arc sec for an electric field strength of 8.5 MV/m. 4 Another possibility to enhance the FR in magnetic media is to use nonlinear optical effects. An example is the nonlinear FE, i.e., an intensity-dependent Faraday rotation which is described by a cubic nonlinear MO susceptibility tensor. 5 Theoretical estimations of this effect showed that for an electric field magnitude of the laser light of about 10 KV/m, the FR angle should be about 0.3°for a rare-earth orthoferrite. Experimental observation of the nonlinear FE in the semimagnetic semiconductor CdMnTe yielded approximately 0.2°per 1 mm at a laser radiation intensity of 5 GW/ cm 2 .
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These FR angles induced by MO interactions in applied static and alternating electric fields are relatively small, leading to problems for precise measurements and are not very promising for applications. An alternative route could be to use heterogeneous multilayered systems composed of an MO film and another material with high EO parameters. In this letter, we investigate the influence of a static external electric field on the FR of complex magneticnonmagnetic materials, which are promising structures for spintronics. 7 Let us consider the transmission of a plane electromagnetic wave ͑EMW͒ through a bilayer structure consisting of an electro-optic film ͑EOF͒ and a magneto-optic film ͑MOF͒ of thicknesses d EOF and d MOF , respectively, as shown in Fig.  1 . We assume the MOF is magnetized perpendicularly to the interface and is characterized by a magnetoelectric effect ͑ME͒. We shall study two cases of the polar MO configuration: the magnetization vector M is coincident with the propagation direction z of the incident light ͓M ↑ ↑OZ, Fig.  1͑a͔͒ and M is antiparallel to the z-axis ͓M ↑ ↓OZ, Fig. 1͑b͔͒ . A permanent electric field E 0 = ͕E 0x , E 0y , E 0z ͖ is applied to the system described above in an arbitrary direction.
The electric and magnetic fields of the EMWs in the EOF and MOF are determined by the solutions of the Maxwell equations. 8 The displacement vector D and the magnetic induction B in general case are connected to the electric field E and the magnetic field H of EMWs via material relations as follows: 
where ⑀ ij ͑n͒ , ij ͑n͒ , and ␣ ij ͑n͒ are the permittivity, permeability, and linear ME tensors, respectively. Superscript ͑n͒ denotes the EOF and MOF, respectively ͑n =1,2͒. The EO effects consist in a change in the optical properties of a material in response to an electric field. The tensor of the dielectric permittivity of the EO material ⑀ ij ͑1͒ can be represented as a power series on the applied electric field strength E 0 as follows:
where ⑀ 0,ij ͑1͒ is the permittivity without external electric field and r ijk and R ijkl are linear and quadratic EO tensors, respectively. For a cubic crystal the tensor ⑀ 0,ij In our study, we consider the linear ME effect in the MOF and neglect the higher order ME coupling. The ME tensor ␣ ͑2͒ for a cubic crystal has the diagonal form ␣ ij ͑2͒ = ␣␦ ij . 10 It should be noted that the external electric field rotates the vector M over the value ⌬M i = ␣ ij E 0j . Tensors ⑀
͑2͒
and ͑2͒ can be expanded into series in the components of the unit magnetization vector m = M / ͉M s ͉, where M s is the saturation magnetization as follows:
where ⑀ ͑2͒ and ͑2͒ are the crystallographic components of the permittivity and permeability tensors, respectively, and f ijk ͑e,m͒ and g ijkl ͑e,m͒ denote MO tensors that are linear and quadratic in the magnetization. In Eqs. ͑3͒ and ͑4͒, we neglect the terms which describe the electro-MO effect in the MOF, because their contribution to the FR is very small. 
where is the EMW's frequency, ͑n͒ , f i ͑n͒ , and h i ͑n͒ are the Sellmeier coefficients for the corresponding medium. 12, 13 After applying a standard method to solve the Maxwell equations 1 
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where 0 = 0 for ͉͉ 2 Յ 1, 0 = / 2 for ͉͉ 2 Ն 1 and Re͑͒ Ն 0, and 0 =− / 2 for ͉͉ 2 Ն 1 and Re͑͒ Յ 0. For the numerical calculations we consider a ZnSe semiconductor film as the EOF and an YIG film Y 3 Fe 5 O 12 doped with Bi as the medium which demonstrates giant MO and ME interactions.
14 In YIG the linear ME effect is observed in regions involving defects and at low temperatures, after cooling in simultaneously applied electric and magnetic fields. 15 In epitaxial YIG films, the ME constant can reach a maximum value ␣ ϳ 10 −2 at room temperature. 16 For our calculations, we assume the external electric field to be of magnitude E 0 =10 7 V / m. Fig. 3͒ . Figure 4 presents two-dimensional plots of the FR angle as a function of the EMW's frequency and incidence angle for M ↑ ↑OZ for p-polarized incident light in the case of E 0 along ͑111͒ ͓Fig. 4͑a͔͒ and ͑101͒ ͓Fig. 4͑b͔͒. One can see that the FR angles demonstrate a stripe structure of minima and maxima at some frequency bands. Taking into account the frequency dispersion leads to minima shifts ͑about a few percents͒ toward higher frequencies.
In conclusion, we have shown that in an artificial ME system composed of an EOF and a MOF, the FR for p-polarized incident radiation is very sensitive to the permanent external field orientation as well as to the mutual orientation of the M and the EMW's propagation direction, whereas for s-polarized incident light the influence of E 0 on the FR is relatively small. Reversal of the magnetization vector changes the polarization plane rotation direction. Thus, by applying an external electric field we can control the values of the polarization plane rotation angles, which can be very useful for applications in devices for modern photonics. 
